Resistin has been suggested to induce insulin resistance in obesity and to inhibit adipocyte differentiation. In lactating cows, glucose uptake in the mammary gland is a ratelimiting step in milk synthesis, and to supply glucose to the mammary gland, insulin resistance increases. We examined the expression of the resistin gene by real-time PCR of cDNA in the adipose tissue and mammary gland of lactating and non-lactating cows. Lactation induced a significant increase of resistin expression in adipose tissue compared with that in the dry period, and decreased resistin expression in the mammary gland. There were no significant differences in the expression of insulin responsive glucose transporter (GLUT4) mRNA between the adipose tissue of lactating and non-lactating cows, and GLUT4 mRNA was not detected in the mammary gland. The plasma insulin concentration was lower in lactating cows than in non-lactating cows. These results indicate that the pattern of resistin expression in peripheral tissues is changed in association with milk production. The increase of resistin expression and maintenance of a lower level of plasma insulin concentration may decrease glucose availability by increasing insulin resistance in adipose tissue. Additionally, our results suggest that the decrease of resistin expression in the mammary gland may influence on the insulin-dependent glucose uptake in mammary epithelial cells during lactation.
Introduction
Adipocytes secrete a number of molecules such as tumor necrosis factor-, leptin and adiponectin, thereby influencing the ability of the body to respond to insulin and glucose metabolism. Resistin was originally identified as an adipocyte-secreted factor overexpressed in murine models of obesity and downregulated by thiazolidinediones (TZDs), which are known to increase insulin sensitivity (Steppan et al. 2001) . Administration of resistin impairs glucose tolerance and increases insulin resistance (Steppan et al. 2001) . On the other hand, it has been reported that resistin gene expression was barely detectable in mature adipocytes, and that it was highly expressed in preadipocytes (Janke et al. 2002) . Also, resistin expression is decreased in obese mice, and increases in ob/ob mice and Zucker diabetic fatty (ZDF) rats in response to PPAR agonists (Way et al. 2001) . However, in ruminants, whose sensitivity and response to insulin in peripheral tissues are much lower than those of humans (Rose et al. 1997) , the sequence and expression of resistin have not been analyzed.
During lactation, the synthesis of lactose from glucose in the mammary epithelial cells seems to be the rate-limiting step in milk synthesis (Neville et al. 1983) . In ruminants, the mammary gland cannot synthesize glucose from other precursors due to the lack of glucose 6-phosphatase (Threadgold et al. 1979) . The milk yield increases at peak lactation because the supply of glucose to the mammary gland increases. It is considered that the increase in glucose supply is brought by increase of insulin resistance (McDowell et al. 1987) , but the mechanism of the increase of insulin resistance during lactation is still unclear.
Since resistin has been suggested to inhibit insulin action and adipocyte differentiation in rodents, we expected that the expression of the resistin gene would change in lactation. In the present study, we assessed resistin and insulin responsive glucose tranporter (GLUT4) mRNA expression in adipose tissue and mammary gland, and the plasma insulin concentration in cows at during peak lactation and the dry period.
Materials and Methods

Animals
All animals received human care as outlined in the Guide for the Care and Use of Experimental Animals (National Institute of Livestock and Grassland Science). Four peak lactation (8 to 11 weeks after parturition) and four non-lactating (dried-off for 3 to 10 weeks) Holstein cows were fed according to the Japanese feeding standard, which was designed to meet the requirements for energy prior to slaughter. Tissues of visceral fat and mammary gland were collected immediately post-slaughter, frozen in liquid nitrogen, and stored at 80 C prior to RNA extraction.
RNA isolation and cDNA synthesis
Total RNA was extracted with TRIzol Reagent (Invitrogen, Leek, The Neterland) according to the manufacturer's protocol. cDNA was synthesized from 1-1000 ng of total RNA using random hexamer (TaKaRa, Tokyo, Japan) and Murine Moloney leukemia virus reverse transcriptase (Gibco Life Technologies, Gaithersburg, MD).
Design of RT-PCR primers for bovine resistin
A BLAST search of the expressed sequence tag (EST) database with human resistin cDNA was performed to identify bovine ESTs encoding the resistin sequence. The bovine EST sequences were used to design the following RT-PCR primers for amplification of bovine resistin cDNA encoding the entire open reading frame: forward primer; 5 -AGTCCACAGAGAGGCACCTG-3 , reverse primer; 5 -GCGCAGTCTTAGGCTACT GG-3 and the following primers for real-time PCR of bovine resistin mRNA: forward primer; 5 -AGTCC ACAGAGAGGCACCTG-3 , reverse primer; 5 -TG GTGACCTCCTGGATCTTC-3 . The primers were located in different exons to allow discrimination of PCR products that might arise from possible chromosome DNA contaminants. The PCR products were analyzed by 2% agarose gel electrophoresis to confirm that only a DNA fragment of the predicted size was amplified. The PCR fragment was also sequenced with the ABI PRISM BigDye terminator system using an ABI PRISM 377 sequencer (Applied Biosystems, Foster city, CA, USA).
Real time PCR
Resistin gene expression was measured by real-time PCR using a LightCycler (Roche Diagnostics, Mannheim, Germany) instrument with the QuantiTect SYBR Green PCR system (Qiagen K. K., Tokyo, Japan) starting with 1 ng of reverse-transcribed total RNA. GAPDH expression was used as an internal control. The primer sequences for GAPDH amplification were forward primer; 5 -CACCCTCAAGATTGTCAGCA-3 and reverse primer; 5 -GGTCATAAGTCCCTCCACGA-3 . For quantification of the levels of resistin and GAPDH mRNA expression, roughly equivalent size of the PCR products (133 and 103 bp), primer length (20 bp) and GC-contents of each primer (50-60%) were selected, and PCR was performed under the following conditions: 95 C 15 min, 60 (94 C 15 sec, 55 C 20 sec, 72 C 12 sec).
GLUT4 mRNA expression was measured with the use of gene-specific double-fluorescent-labeled probes, TaqMan Universal PCR Mix and a 7700 Sequence Detector (Applied Biosystems, Foster, CA, USA). FAM and VIC were used as the 5 -fluorescent reporters while TAMRA was added to the 3 end as a quencher. Primer and probe sequences were GLUT4 forward primer; 5 -GGA CCGCGAATAGAAGAAAGAC-3 , GLUT4 reverse primer;
5 -CAACTTCATCATCGG CATGG-3 , GLUT4 probe; 5 -FAM-TAGGGACCCATAGCAT CCGCCACA-TAMRA-3 , GAPDH forward primer; 5 -TGACCCCTTCATTGACCTTCA-3 , GAPDH reverse primer; 5 -GCCTTGACTGTGCCGTTGA-3 , and GAPDH probe; 5 -VIC-TTCCAGTATGATTCCA CCCACGGCA-TAMRA-3 . PCR was performed under the following conditions: 95 C 10 min, 45 (94 C 30 sec, 59 C 30 sec, 72 C 30 sec).
Insulin assay
Venous blood samples were collected at 8:00 AM of the day of slaughter. Plasma was harvested from the blood samples and stored at -20 C for later determination of insulin. The plasma insulin concentrations were determined using a commercially available radioimmunoassay (RIA) kit (Eiken Chemical, Tokyo, Japan).
Statistical analysis
Results were expressed as means S.E.M. and were analyzed by Student's t-test.
Results
Neither the bovine resistin gene nor cDNA have been registered in public databases, so we screened bovine ESTs having homology with human resistin cDNA. As a result of a BLAST search of the EST database with human resistin mRNA, a bovine EST (BM107148) of 478 bp was identified. This bovine EST shared 83% sequence homology with human resistin cDNA, and contained the regions corresponding to exons 1, 2, 3 and 4, which together encode the entire open reading frame (ORF).
We designed RT-PCR primers based on the sequence of BM107148 and used them to obtain a single RT-PCR band using total RNA of adipose tissue ( Fig. 1(A) ). The sequence of this DNA fragment was the same as that of BM107148. From total RNA of the mammary gland, we also obtained an RT-PCR product of the predicted size ( Fig. 1(B) ).
Use of the QuantiTect SYBR Green PCR system at elevated temperatures resulted in reliable and sensitive quantification of the RT-PCR product with high linearity (Pearson correlation coefficient r.0·99). Amplification of genomic DNA was avoided by designing primer pairs located in different exons, and therefore DNase treatment of tissue total RNA samples was unnecessary. Melting curve analysis revealed a single sharp melting point for bovine resistin at 83·5 C and for bovine GAPDH at 82·8 C (data not shown).
The results of real-time PCR analysis showed that the expression of the resistin gene in adipose tissue was significantly higher (P,0·05) in lactating than nonlactating cows (Fig. 2(A) ). In contrast, the expression of resistin in the mammary gland was significantly higher (P,0·05) in non-lactating than in lactating cows (Fig. 2(B) ).
There were no significant differences between the expression of GLUT4 mRNA in adipose tissue of lactating and non-lactating cows, and GLUT4 mRNA was not detected in the mammary gland of either lactating or non-lactating cows (Fig. 3) .
The insulin concentration was significantly higher (P,0·05) in non-lactating than lactating cows (Fig. 4) .
Discussion
In this study, our real-time PCR data showed that bovine adipose tissue expresses resistin mRNA, and that resistin mRNA expression increases in cows during the early phase of lactation. This is, to our knowledge, the first demonstration of resistin expression in bovine peripheral tissue. Cows at the peak of lactation show insulin resistance with respect to extramammary glucose utilization (Debras et al. 1989) . We found no significant differences in the level of GLUT4 mRNA in the adipose tissue of lactating versus non-lactating cows. Intracellular GLUT4 was activated by insulin, and translocates to the cytomembrane. Since resistin secreted by adipose tissue increases insulin resistance in mice (Steppan et al. 2001) , our findings suggest that the high resistin expression in bovine adipose tissue may contribute to the promotion of insulin resistance via inhibition of GLUT4 translocation to the cytomembrane, not GLUT4 expression, at lactation. It is also reported that in L6 cells, resistin was not affecting GLUT4 translocation and insulin receptor signaling (Moon et al. 2003) . As they has considered, resistin may be inhibiting with insulin activation of the preexisting GLUT4 protein at the cytomembrane.
Lactation induces major metabolic adaptations accompanied by substantial changes in substrate flux; for instance, it causes a major loss of adipose tissue (Chilliard et al. 2000) . The decrease of plasma insulin concentration at lactation may result in inhibition of the insulindependent glucose uptake in adipose tissue and muscle. It has also been suggested that resistin is an inhibitor of adipocyte differentiation (Kim et al. 2001) . Therefore, in order to supply the substrate for milk synthesis to the mammary gland, adipocyte differentiation may be inhibited and insulin resistance may increase during lactation in cows. It has been reported that the resistin mRNA level in white fat tissue is unchanged while resistin-like molecules-(RELM-) mRNA decreased in lactating mice (Bing et al. 2002) . The function of RELM-is largely unknown, and in bovine tissue, the expression of RELM-is not investigated. Holsteins, in contrast to mice, are a breed of cattle bred for the improvement of milk production many generations. The changes of resistin expression in bovine adipose tissue and of the plasma insulin concentration we observed may be related to with the mass production of milk in these cows.
We also showed that resistin mRNA is expressed in the bovine mammary gland, and that this expression increases in no lactating cows. In the mammary gland, glucose is used for energy production and lactose synthesis. Although the mammary gland is insensitive to insulin during lactation (Laarveld et al. 1981) , insulin is required for the proliferation and differentiation of bovine mammary epithelial cells (Cline et al. 1982) . On the other hand, it has been reported that GLUT4 protein was not detected in the bovine mammary gland (Zhao et al. 1996) , and we were not able to detect GLUT4 mRNA in the mammary gland. The production of resistin by the mammary gland suggests a possible role of resistin in regulating insulindependent glucose uptake in mammary epithelial cells. The decrease of resistin expression in the lactating mammary gland may serve to make the regulation of glucose uptake by insulin effective. Since GLUT4 was not detected in the mammary gland, a novel insulin dependent glucose transporter, for instance, GLUT12 (Macheda et al. 2003) , may be involved in glucose uptake.
Based of these results, we propose that resistin has an important function in the adipose tissue and the mammary gland during lactation. This is the first report demonstrating a change in the expression of resistin in the mammary gland. 
